Introduction
Coumarins are a group of important natural compounds, and have attracted interest for a long time due to their multi-biological activities such as anti-HIV, anti-tumor, anti-hypertension, anti-arrhythmia, anti-osteoporosis, assuaging pain, preventing asthma and antisepsis [1] [2] [3] [4] [5] . Furthermore, coumarins have a wide variety of uses in industry such as perfumery, soap and cosmetic industries, and also have been used in agrochemicals, insecticides and pesticides [6] [7] . The inherent fluorescent properties of many coumarins are a key factor in many applications such as estimation of enzymatic activity, labeling of proteins, antibodies, DNA and lipids, derivatising agents in chromatography, tuning lasers in ion analysis, pH and gas detection, measurement of drug/ion transport, studies on bioreactor characterization, chemical markers in kerosene, food adulterant detection and in sensors [7] .
Among coumarin derivatives, 3-carboxycoumarins are a prominent target for study in this field as the carboxyl group allows new functionalities to be easily prepared by introducing units of biological interest to increase the chemical activity of the compound, for example, units of cephalosporin, triazole, thiadiazine, thiadiazole, penicillin, and isourea [8] [9] [10] [11] . They are also used as photosensitizers, photoinitiators and triplet sensitizers [12] [13] .
Thus, several approaches have been developed for their synthesis. Earlier reports engage a two step method for the synthesis of coumarin-3-carboxylic acids via Knoevenagel condensation of 2-methoxybenzaldehydes with Meldrum's acid followed by cyclization with H 2 SO 4 [14] [15] .
Later on, many one-pot methods have been reported involving microwave irradiation of arylaldehydes and active methylene compounds in the presence of piperidine [16] or ammonium chloride as a catalyst [17] , grinding a reaction mixture with ammonium acetate and keeping it overnight [18] , and using piperidinium acetate in ethanol under reflux conditions [19] . In recent years much effort has been devoted to preparing coumarin derivatives following greener approaches by using ionic liquid [20] [21] [22] or aqueous media [23] [24] [25] , zeolites [26] , clays [27] and cation exchanged resins [28] . Solid state synthesis of 3-carboxy coumarins have also been reported based on a ethylmalonate tethered to Wang resin [29] , a scaffold-polymer-bound cyclic malonic ester [30] , microwave irradiation of malonic acid and substituted benzaldehydes supported onto HZSM-5 zeolite [31] and natural kaolinitic clays [32] .
Because of some limitations such as long reaction times, low product yields or harsh reaction conditions such as high temperature, researches are still attempting to improve the preparation methods of 3-carboxycoumarins.
A fascinating method to enhance the rate of chemical reactions and increase the catalyst efficiency is by ultrasound irradiation which has been increasingly used in organic synthesis. Using such conditions, several reactions resulted in higher yields, shorter reaction times and milder reaction conditions [33] [34] [35] [36] . An ultrasound promoted synthesis of 3-carboxycoumarin derivatives avoiding the addition of any catalyst is also reported [37] .
Furthermore, synthetic methods for construction of 3-carboxycoumarins which are carried out in water occur quickly and with excellent yields. Besides, another great advantage of aqueous media in the synthesis of these compounds over similar solvents is the possibility of isolating solid products by filtration. In this area, many Lewis acids work well in water and are excellent catalysts in aqueous medium [38] .
Recently, oxysalts of zirconium have attracted much attention as catalysts in organic synthesis because of their easy availability, moisture stability and low toxicity [39] [40] [41] . Furthermore, it can be separated and reused after drying at 60ºC [42] . So the recovery and reusability of this catalyst is a great advantage over similar methods. These have been reflected in their application in several organic transformations [43] [44] . It has been also used in a one-pot synthesis of 3-substituted coumarine [43] .
We have recently reported an efficient and straightforward route to triarylmethanes based on a solvent-free ZrOCl 2 •8H 2 O catalyzed reaction [44] . Herein, we set out to explore a new green synthetic method for the synthesis of 3-carboxycoumarins via ultrasound assisted zirconium oxide chloride catalyzed condensation of substituted benzaldehydes and Meldrum's acid in water.
Experimental Procedure

Materials
Meldrum's acid and aryl aldehydes were purchased from Merck or Sigma-Aldrich companies. The solvents were analytical grade and used as received. The course of the syntheses were followed by TLC on silica gel plates (Merck, silica gel 60 F 254 , ready to use), using ethyl acetate: n-hexane (1:4) as eluent.
Instrumentation
Sonication was performed in a Sonopuls-HD3200 (Bandelin, Germany) consisting of microtip MS 73, 3 mm diameter at 70% amplitude for 6 minutes (2 s pulse on, 2 s pulse off) with a frequency of 20 kHz and a nominal power 200 W. Melting points were recorded using a Buchi B540 melting point apparatus and are uncorrected.
1 H and 13 C NMR spectra were recorded at room temperature on a Bruker AC 400 and 500 MHz spectrometers using CDCl 3 or DMSO-d 6 as the NMR solvents.
1 H NMR spectra are referenced to tetramethylsilane (0.00 ppm) and 13 C NMR spectra are referenced from the solvent central peak (for example, 77.23 ppm for CDCl 3 ). Chemical shifts are given in ppm. GC-MS (EI), 70 ev, HP6890 Column: HP-5 (30m × 0.25mm × 0.2 uml MSD: HP5793) were used to record the mass spectra. IR spectra were taken as KBr pellets on an ABB Bomem MB-100 FTIR spectrophotometer. IR is reported as characteristic bands (cm -1 ) at their maximum intensity.
General procedure for the synthesis of 3-carboxycoumarin derivatives (Table 1, entries 1-8)
A substituted benzaldehyde (1 mmol), Meldrum's acid (2,2-dimethyl-1,3-dioxan-4,6-dione) (1 mmol) and water (5 mL) were added in a vial containing a catalytic amount of ZrOCl 2 •8H 2 O (20 mol %). The mixture was sonicated in appropriate times and the course of the reaction was monitored using TLC on silica gel with ethyl acetate: n-hexane (1:4) as eluent. Finally, the reaction mixture was filtered using a Buchner funnel, washed by cold water and dried under vacuum. The authenticity of the products was established by comparing their melting points with literature values (Table 1) and by analyzing the spectroscopic data of 1 H and 13 C NMR, IR and MS. 
Selected Spectroscopic Data
Results and Discussion
Our contribution is intended to extend the scope of available methods for the synthesis of 3-carboxycoumarins and to describe the application of a new catalyst in their synthesis. Our investigations show that substituted benzaldehydes react with Meldrum's acid in the presence of a catalytic amount of ZrOCl 2 •8H 2 O under ultrasound irradiation in aqueous media to afford the corresponding 3-carboxycoumarins in good to excellent yields (Scheme 1).
To test the feasibility of this reaction, we initially examined the condensation of salicylaldehyde with Meldrum's acid as a model reaction under various reaction conditions. As part of our research interest in applying oxysalts of zirconium in organic synthesis, we tried a ZrOCl 2 •8H 2 O catalyzed condensation reaction. However, only good yields of the desired product were obtained as it suffered from harsh reaction conditions such as high temperature and long reaction time. As a fascinating method to enhance the rate of chemical reactions, we examined Knovenaegel condensation under ultrasound irradiation without catalyst. The results showed that the yield of the desired product was improved and the complete conversion of starting material to the product was achieved in 1h. To increase both the rate of the chemical reaction and the catalyst efficiency, we combined the catalyst and ultrasonic irradiation in this reaction. In this regard, various protic and aprotic solvents, including water, acetonitrile, N,Ndimethylformamide, dichloromethane, ethanol, diethyl [19] d Lit. [37] e Lit. [45] ether and n-hexane were examined and the best results were obtained in water with regards to higher yield, shorter time and more convenient work up of the reaction. In a typical procedure, the reaction of salicylaldehyde (1 mmol, 1 equiv) and Meldrum's acid (1mmol, 1 equiv) in the presence of ZrOCl 2 •8H 2 O (20 mol%) under ultrasonic irradiation (6 min) in water afforded compound 3a in 96% yield (Table 1 , entry 1). The dominant mechanism for production of 3-carboxycoumarins can be summarized by a Knoevenagel condensation of substituted benzaldehydes and Meldrum's acid followed by intramolecular cyclization. We believe that zirconium oxide chloride activates appropriate carbonyl groups for nucleophilic attack by coordinating to the desired carbonyl oxygen. To explore the effect of different substituents on the generality of the reaction, a variety of substituted benzaldehydes were examined. The results are summarized in Table 1 (entries 2-8).
The results showed the wide applicability of the presented method. Some previously reported data for synthesis of 3a (Table 1 , entry 1) were compared with our results in terms of the method, temperature, reaction time and percentage yields ( Table 2) . As one can see, our results show a very good comparability with previously reported data in terms of yields and reaction times.
We also examined the reusability of the catalyst. We found that the catalyst could be separated and reused after washing with CH 2 Cl 2 and dried at 60°C. The reusability of the catalyst was checked by the reaction of salicylaldehyde and Meldrum's acid under optimized reaction conditions. The results show that the catalyst can be used effectively three times without any loss of its activity (Table 1 , entry 1).
Conclusions
In summary, ZrOCl 2 •8H 2 O is an environmentally friendly and recyclable catalyst which demonstrated to be an excellent catalyst for the reaction of Meldrum's acid with a variety of substituted benzaldehydes under ultrasonic irradiation in aqueous media. Low reaction times, high yields, environmentally friendly conditions and operational simplicity are the advantages of this protocol. Table 2 . Comparison of our results with some previously reported data for the synthesis of compound 3a.
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